Abstract-The paper presents a control system developed based on model predictive control (MPC) for a five-phase permanent magnet assisted synchronous reluctance motor (PMaSynRM). Optimization technique for the controller is developed targeting to minimize torque error. The maximum torque per ampere (MTPA) condition is derived for a five-phase PMaSynRM motor and has been used to generate the reference currents to the MPC. Since five-phase motors are advantageous due to its fault-tolerant capability, the applicability of the developed controller for fault tolerant operation (FTO) has also been investigated. Extensive analysis has been carried out along with Matlab simulations to verify the performance of the proposed controller over a benchmark controller for both healthy and faulty operations. Experimental results are provided to validate the controller operation.
I. INTRODUCTION
Multi-phase motors are particularly advantageous due to higher degrees of freedom, higher energy density, lesser current stress per phase and reduced torque ripple percentage [1] , [2] . Although multi-phase motors are equipped with complex hardware and control structure, they still find primacy in certain cases such as for safety-critical applications [3] . Fivephase winding system is the minimum multi-phase motor configuration. Using the smallest multi-phase configuration is advantageous in a way, since the increment in number of hardware components increase the potential failures and complexity in fault detection and control techniques. A fivephase motor can operate with upto two-phase loss without connecting additional hardware.
Among various five-phase motor configurations, permanent magnet assisted synchronous reluctance motor (PMaSynRM) is a motor variation which has an optimized rigid design. PMaSynRM has both reluctance and magnetic torque components contributing to the electromagnetic torque and has the advantage of using lesser magnet quantity compared to other similar types of permanent magnet motors such as interior permanent magnet (IPM) which leads to low manufacturing cost [4] , [5] . Further, it has lower torque ripple percentage than other reluctance motor types.
Many control strategies that has been implemented for fivephase machines are associated with field oriented control (FOC) [6] , [7] . In FOC, the system performance is maintained by controlling d-q axes currents. The inherent bandwidth of the inner current loop of FOC has limited its dynamic performance. A lot of applications that demand high dynamic performance have been utilized direct torque control (DTC) technique in the recent past [8] , [9] . DTC can outperform FOC with improved dynamic performance since it can directly control the output voltage vector. However, DTC has disadvantaged with comparatively high current and torque ripples since the control is based on a finite switch table. But improved DTC techniques are developing addressing the weaknesses.
Model predictive control (MPC) is a highly developing control strategy for motor drives with its optimized and improved control performance [10] - [13] . Motor drive systems can accurately represent in analytical models which makes MPC a much suitable candidate in motor controls. MPC can deal with multiple conditions and constraints while prioritizing each condition depending on its importance to the system. This is very advantageous in motor operation in handling the dynamics [14] , [15] . Further, with MPC it is possible to abandon the cascaded structure and control all the variables by a single controller. However, the execution time of the predictive controller is comparatively high due to its computational complexity. Nevertheless, application of MPC in motor drives has become realistic with the technological advancement in powerful micro-controllers/processors.
Applications of MPC in motor drives area are arising, yet largely unexplored in certain directions. A considerable amount of research can found on MPC applied for induction motor systems [16] , [17] . But, only limited number of early work can found in literature for permanent magnet type motors [13] , [18] - [20] . And MPC performance has not been extensively studied for multi-phase PMSMs. One of the first papers that MPC applied in a multi-phase motors for fault tolerant operation (FTO) can found in [21] . In this work, a predictive model is designed for a six-phase PMSM to perform current control. MPC for fault-tolerant function of six-phase and three-phase PMSM series-connected drive systems are realized in [22] . In almost all of the above mentioned research, MPC is applied for PMSM variants that doesn't have the rotor saliency; so the torque control is not complicated as in salient rotor motors like PMaSynRM.
This paper presents a control system developed based on MPC strategy for five-phase PMaSynRM. The inherent redundancy of five-phase motors enables them to operate continuously under open-phase faults. Considering this advantageous fact of five-phase PMaSynRM, the effectiveness of the strategy has been evaluated through MATLAB simulations for both healthy and faulty situations.
II. DEVELOPING A MODEL PREDICTIVE CONTROLLER FOR
FIVE-PHASE PMASYNRM Model predictive (MP) controller has two main components, plant model (predictive model) and the optimizer. The basic idea behind MPC is to select an optimum upcoming input sequence to the plant, based on the predictions made for future state behavior. Predictions are made using the plant model which takes past states as the inputs and generate the prediction for the future state. At each sampling instant, the optimizer takes in the predicted states and the reference trajectory to solve the optimization problem for the prediction horizon and provide the optimum input sequence for future operation.
A. Proposed control system
The proposed MPC based control system is illustrated in block diagram in Fig. 1 . The controller is designed in a cascaded structure; a PI controller in outer control loop and the designed MPC in inner loop. Torque reference is produced by this PI controller taking speed error as the input. The produced torque reference is fed to the MTPA block which generates current reference for MPC. The proposed control strategy is based on finite control set MPC (FCS-MPC) technique. The derived motor model in equation (8) is used to predict currents in next state considering the finite set of voltage vectors as the input which is related to the 32 possible switching states of a two level five-phase inverter.
The control system is illustrated in a block diagram in Fig. 1 . The controller is designed in a cascaded structure in which a PI controller is used for the outer control loop. Torque reference is produced by this PI controller taking current error as the input. The produced torque reference is fed to the MTPA block which gives current reference to the MPC system. Functionality of MTPA block is explained in section II-B. The controller takes the current measurements of five-phases and fed to the predictive model block.
The machine model implemented in the controller is used to predict next d-q current states (i d (k + 1), i q (k + 1)). Inputs to the predictive model are current at this state (i d (k), i q (k)) and the voltage vector set corresponding to the 32 switching states. Next, costs are calculated for all predicted current sets based on the designed cost function. The voltage relate to the minimum cost is chosen for next state operation and applied to the motor after transforming to the synchronous reference frame.
B. Current Reference Generation
In PMaSynRM, there is a reluctance torque component in the torque equation. So the electromagnetic torque has both d-q axes currents in the equation. Therefore, maximum torque per ampere (MTPA) condition has been utilized to generate the current reference from torque reference.
Load angle (δ) must be carefully controlled to produce the maximum torque and achieve high electro-mechanical conversion efficiency. MTPA condition tunes the δ in order to draw a minimum amount of current under the same torque values. This condition enables the maximum torque generation with minimum d-q axes currents which increases the efficiency of operation. In this research the motor operation is focused only upto the base speed. Hence, the operation at flux-weakening region is not considered.
MTPA condition for the five-phase PMaSynRM has been derived to use in reference current generation. To obtain the optimal current angle δ opt , the torque equation (1) is differentiated with respect to the angle. By letting ∂T e ∂δ equals to zero, the quadratic equation (2) is obtained and it is solved to get δ opt which is expressed in (3) .
A relationship for i q given in (4) is derived using (3) and this quadratic function is solved to obtain the MTPA condition (5).
The equation (6) is derived based on MTPA condition (5) to use in the controller.
The real positive solution of (6) is used as the d axis current reference. Then by substituting the just calculated i d on (5), reference of i q is calculated. But, it is quite complex to solve the fourth order MTPA condition (6) in each cycle. Hence, i d and i q were calculated for different torque values using (6) and (5) . Then, the calculated torque values were plotted against i d , i q and a relationship for currents in terms of torque is derived using curve-fitting. This relationship is used to implement the MTPA algorithm in Simulation and experimental setups.
C. Modeling five-phase PMaSynRM (predictive model)
In order to model the motor, stator voltage equations of fivephase PMaSynRM in d-q reference frame are used. Modeling the motor in d-q reference frame simplifies the control algorithm [12] , [23] . For a current controlled motor drive system, d-q axes currents of the stator are used as the state variable vector and d-q axes stator voltages as the input vector for state-space system. Therefore, the stator voltage equations are reorganized into the form given in (7) .
In order to implement MPC, the motor model should be in discrete form. So the equation (7) is discretized using Forward Euler approximation. The derived mathematical model of fivephase PMaSynRM is given in (8) . The prediction horizon (N p ) is considered as one for the controller.
Motor parameters, 
D. Optimization Problem
The MPC is designed targeting minimizing the torque error. The equation of electromagnetic torque for five-phase PMaSynRM has both d-q axes currents contributing to the torque; hence the currents in both axes needed to be controlled to reduce the torque error. Therefore, the situation can be simplified by minimizing the current error rather than the torque error.
The cost function is derived considering the prediction horizon as one. The first condition of the cost function is the current error. The MTPA condition is used to calculate the reference current using the condition given in (6) . Then the stator current is further constrained by the rated current of the machine, (J c ). The designed cost function J, is shown in (9) and the conditional constraint is (10) . Each condition of the cost function is weighted differently by the weighting factors, K 1 , K 2 . Values of weighting factors were determined empirically giving primary concern to minimize the torque error. 
III. SIMULATION RESULTS
Prior to the implementation in hardware, the developed controller was tested in MATLAB-Simulink environment. The motor drive system is modeled in Simulink using the system parameters given in Table I . In order to study the performance of the proposed MP controller rigorously, a comparative analysis has been carried out relative to a benchmark control system. The benchmark system is based on FOC and includes three PI controllers one for speed control and the others for torque control. All PIs are tuned empirically for the plant. The block diagrams of benchmark controller is shown in Fig. 2 . In the proposed controller MPC replaces the PIs of inner control loop. MTPA condition is incorporated in both control systems to connect torque reference to the current references. Five-phase PMaSynRM is modeled in Simulink with the model parameters given in Table I . The controller performance is measured by torque and current behaviors. The simulation results of both controllers are given in Fig. 3 to Fig. 4 comparatively. Simulations are carried out considering a load torque of 2 Nm and a reference speed of 400 rpm. Fig. 3 shows simulation results obtained for electromagnetic torque for both benchmark and MPC based systems. In healthy system, torque ripple is almost zero for the benchmark model. With the proposed controller, there is a torque ripple around 1%. The applied controller is based on FCS-MPC which considers a finite set of voltages in controlling the input to the system. This discrete nature of the controller, generates the small torque ripple in the output and the zoomed waveform illustrates this discrete nature of the torque. Fig . 4 analyze the phase currents for the healthy system. Due to the same phenomenon explained for torque, the current contains a small percentage of ripples for the proposed controller.
A. Reference tracking performance
In order to test the controller's ability to track the reference, a step up was given to the load torque at 4 s from 2 Nm to 3 Nm. Both controllers lead the torque to reach to the reference with around same settling time. But, the benchmark controller resulted around 20% overshoot while the overshoot is around 6.7% with MP controller. 
B. Disturbance rejection performance
The ability of the controller in responding sudden disturbances is measured by introducing an overshoot to the speed reference at 4 s. Reactions of both controllers to the disturbance is shown in FIg. 6 . In this case, the benchmark controller yields some overshoot and has comparatively sluggish disturbance rejection. The MP controller suppresses the input disturbance with a shorter settling time after an initial peak. IV. PERFORMANCE OF THE CONTROLLER UNDER OPEN-PHASE FAULT The main idea behind the use of multi-phase machines is being able to operate continuously even in an occurrence of a fault. Having a resilient and robust controlling strategy is vital to leverage the advantages of the multi-phase systems. Therefore, felicitousness of using MPC for FTO with fivephase PMaSynRM has been investigated.
For this analysis the focus of FTO is constrained to an occurrence of a single-phase open fault. The torque waveform get highly distorted during an open circuit fault. The torque ripples increase the motor vibrations which leads to energy losses in the form of heat and sound. The proposed MPC based controller developed with the objective of minimizing torque error. The work in [24] has proved the viability of utilizing a common controller for both healthy and faulty situations analytically and experimentally for a three-phase PMSM. Therefore, the possibility of implementing the same controller developed for normal operation is investigated for the FTO.
The developed MP controller is tested for a single-phase open fault analytically in Matlab Simulink environment. In this analysis the open-phase fault was created in phase A. The same scenario implemented in the benchmark model for comparison. The results were taken for a load torque of 2 Nm and at a reference speed of 400 rpm. The torque waveform during the fault is given in Fig. 7 . Very high ripples observed for the benchmark controller which is approximately 67.5% from the average torque and the average torque which has reduced to 1.95 Nm is a reduction of 2.5%. The introduction of proposed MPC based controller to the system has reduced the ripple percentage to 30% and the average torque is almost same at the fault. The imbalance among phases for both PI and MPC based controllers for phase A lost situation is demonstrated in Fig. 8 . In the occurrence of fault, phase currents have increased to maintain the same performance with the remaining phases. For healthy system (Fig. 4) , the peak current was around 5.5 A under the same loading and at fault the highest peak is around to 8.2 A with benchmark controller and 6.5 A with the MP controller. During the fault, d-q axes currents show very high ripples in the benchmark controller. The proposed controller shows a considerable ripple percentage but still the machine is in operable state. The harmonic content of phase current of phase C is analyzed in Fig. 9 . It points out that with MPC the third harmonic component reduces to 7.7% which is 45% for the benchmark controller. The other higher order harmonics are almost negligible. 
V. EXPERIMENTAL RESULTS
The preliminary results obtained from the hardware setup are presented as a proof of operation of the proposed controller. A five-phase PMaSynRM with the parameter given in Table I has been used and the cross-sectional views of its rotor and stator are given in Fig. 10(b) and 10(c) respectively. The control algorithm is implemented in TI-F28335 digital signal processor and its platform is shown in Fig.10(a) . A 3.75 kW DC generator system is used as the load to the system and is shown in Fig.11 . Initial experiments are conducted with both controllers for a reference speed of 450 rpm.
The observed torque behavior is given in Fig.12 . There is around 1% ripple in the torque of MPC controller, so the pattern is very close to the simulation result. The benchmark controller displays almost zero ripples in simulations and in actual system it is around 0.4%. 
VI. CONCLUSION
A new control system has been proposed for five-phase PMaSynRM based on MPC with the objective of minimizing torque error. The performance of the controller has been assessed in comparison to a benchmark controller. For normal operation, both controllers exhibit similar performance. The MPC based system produces a slight torque ripple (around 1%). Under single-phase open-fault the torque ripple of MPC based system displayed approximately 30% while 67.5% for benchmark system. Therefore, MP controller is found more resilient for single-phase fault scenarios. Further, the MP controller is tested for reference tracking and disturbance rejection performances which yielded good responses in both cases. The control algorithm is tested on real-world hardware and experimental results verify the expected functionality of the proposed controller.
